Programmed translational bypassing is a process whereby ribosomes "ignore" a substantial interval of mRNA sequence. Although discovered 25 y ago, the only experimentally confirmed example of this puzzling phenomenon is expression of the bacteriophage T4 gene 60. Bypassing requires translational blockage at a "takeoff codon" immediately upstream of a stop codon followed by a hairpin, which causes peptidyl-tRNA dissociation and reassociation with a matching "landing triplet" 50 nt downstream, where translation resumes. Here, we report 81 translational bypassing elements (byps) in mitochondria of the yeast Magnusiomyces capitatus and demonstrate in three cases, by transcript analysis and proteomics, that byps are retained in mitochondrial mRNAs but not translated. Although mitochondrial byps resemble the bypass sequence in the T4 gene 60, they utilize unused codons instead of stops for translational blockage and have relaxed matching rules for takeoff/landing sites. We detected byp-like sequences also in mtDNAs of several Saccharomycetales, indicating that byps are mobile genetic elements. These byp-like sequences lack bypassing activity and are tolerated when inserted in-frame in variable protein regions. We hypothesize that byp-like elements have the potential to contribute to evolutionary diversification of proteins by adding new domains that allow exploration of new structures and functions.
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ribosome hopping | mitochondrial genome | proteome analysis | heterologous expression T he traditional view of translation is that mRNA is read sequentially, one codon at a time. However, low-level nonprogrammed translational bypassing (i.e., the occasional skipping of a few nucleotides) can be triggered by various factors, including tRNA paucity, unusual codons, and homo-polymer sequence tracts (1) . In addition, programmed translational bypassing of 50 nt has been demonstrated for the gene 60 transcript of bacteriophage T4 (2-4). In vitro mutagenesis experiments showed that efficient translational "jumping" or "hopping" in T4 requires matching takeoff and landing codons (most effective is the wild-type GGA), a stop codon, and both a hairpin RNA secondary structure directly downstream of the takeoff site, and a Shine-Dalgarno (SD) sequence a few nucleotides upstream of the landing codon. Finally, a particular amino acid sequence in the nascent peptide encoded upstream of the takeoff site confers highest jumping efficiency. Additional cases of programmed bypassing have been postulated but currently lack supporting evidence (e.g., ref. 5), making the T4 gene 60 expression the only confirmed instance.
Here, we report the massive occurrence of translational bypassing elements in mitochondria of the opportunistic human pathogen Magnusiomyces (also known as Blastoschizomyces or Geotrichum) capitatus (6) , which belongs to a deeply branching lineage of Saccharomycetales (Fig. 1A) . Our findings suggest that translational bypassing might be more widespread than previously thought.
Results
Protein-Coding Genes Interrupted by Dozens of Insertions. We sequenced mitochondrial DNAs (mtDNAs) from five Magnusiomyces strains (M. capitatus, M. ingens, M. magnusii (2 isolates), and M. tetrasperma (Table S1 ). The identified genes specify a standard set of highly conserved proteins involved in oxidative phosphorylation (atp6, -8, and -9; cob; cox1, -2, and -3; and nad1, -2, -3, -4, -4L, -5, and -6) and translation (rps3), two ribosomal RNAs (rnl and rns), and 25 transfer RNAs (trnA-Y). During comparative genome analysis, we identified 57 short insertions (30-55 bp) in protein-coding regions of otherwise typical genes in M. capitatus mtDNA (Fig. 2) . Using covariance models for computational searches, we detected 24 additional inserts (27-54 bp) in intron ORFs of this mtDNA (Table 1 and  Table S2 ). The most "infested" gene is nad5 with 12 inserts, increasing the overall gene size by more than 20%. In total, these inserts make up 7.2% of the M. capitatus mitochondrial genome
Significance
During translation, ribosomes decode mRNAs in a sequential fashion. In this paper, we report the discovery of more than 80 translational bypassing elements (byps) 27-55 nt long in mitochondrial protein-coding regions of the yeast Magnusiomyces capitatus. We demonstrate experimentally that byps are retained in mRNA but not translated into protein.
Byps somewhat resemble the single bypass element in bacteriophage T4 but also display unique features. We further discovered byplike sequences in other yeast species, indicating that these inserts are mobile genetic elements. In contrast to byps, byp-like sequences are not bypassed during translation. When inserted in variable protein regions, they have the potential to drive the evolutionary diversification of protein structure and function.
sequence. The four other magnusiomycete mtDNAs lack these particular insertions, which therefore allowed their precise positioning by sequence alignment. All but 4 of the 57 ORF inserts introduce frameshifts and/or internal stop codons (Table S2) . If translated, the inserts would abolish oxidative phosphorylation in this obligate aerobic yeast; yet, M. capitatus grows well on nonfermentable carbon sources (Fig. 1B) .
To produce functional proteins, the inserts must be either removed from the RNA or ignored during translation by a programmed translational bypass. These two possibilities can be readily distinguished by comparing mRNA and protein sequences. Analysis of reverse transcriptase PCR (RT-PCR) products of cob, cox1, nad2, nad3, and rps3 transcripts shows that the inserts are included in mRNAs (Fig. 3A) whereas mass spectrometry analysis of mitochondrial proteins demonstrates that amino acid sequences corresponding to the inserts are absent from proteins. Specifically, we found peptides for 10 insertcontaining genes and three insert-containing endonucleaseencoding intron ORFs (Fig. 3B) . Many of the peptides originate from regions preceded by a stop codon-and/or frameshift-bearing insert, and none of the observed peptides corresponds to a translated insertion sequence. Therefore, inserts must have been circumvented, with potential mechanisms including nonsense suppression, single-nucleotide frameshifts, or translational bypassing. Notably, four distinct peptides bridge three insertion points ( Fig. 3B and Fig. S1 A-C), providing compelling evidence for effective and precise translational jumping. We posit that all insertion elements in M. capitatus, which we term "byps," are translationally bypassed. This conjecture is based on the structural similarities shared by all byps and their similarity with the phage T4 hop element (see Mechanism of Translational Bypassing).
Byps share several structural features, which apparently instruct the mitochondrial translation machinery to bypass a precise mRNA interval ( Fig. 3 C-F) . (i) The 5′ portion of these elements consists of a G+C-rich stretch able to fold into a hairpin structure with a variable-length A+U-rich loop. (ii) In nearly all instances, the codon preceding byps and the triplet at the 3′ end of byps (putative takeoff and landing sites, respectively) are identical or differ only in the third position (e.g., GGA and GGU in Table S2 ). (iii) The three nucleotides at the 5′ end of byps, most frequently CGA or UCC, represent codons not used in M. capitatus coding regions (for codon frequencies, see Tables  S3-S8 ). Avoidance of UCC codons is a common feature of mitochondria, with a general bias against codons ending in C or G (7). CGA, in contrast, is probably not decoded in M. capitatus mitochondria, because the only mitochondrion-encoded tRNA Arg in this system has an ACG anticodon, which will not decode CGA (unless the A in the anticodon's wobble position is converted to inosine posttranscriptionally).
Most byps fall into two groups referred to as CGA and UCC ( Fig. 2 A and B and Table 1 ), based on sequence similarity and a shared unused codon following the takeoff site. Using sequence comparison and covariance models (8) (Materials and Methods), we found 24 additional byps in seven out of eight intron ORFs (Table 1) . Interestingly, none of the intron ORFincluded byps belongs to the CGA group, and five are members of the intron-only ACC group. No significant match was detected in the nuclear protein-coding genes of M. capitatus.
Mechanism of Translational Bypassing. In vitro mutagenesis experiments in T4 showed that translational jumping or hopping requires matching takeoff and landing codons (most effective is the wild-type GGA), a stop codon, and a hairpin RNA secondary structure both directly downstream of the takeoff site, and a Shine-Dalgarno (SD) sequence a few nucleotides upstream of the landing codon. Further, a particular amino acid sequence in the nascent peptide encoded upstream of the takeoff site confers highest jumping efficiency across the single bypassing element ("hop") in T4 gene 60 (2-4, 9). We posit that translational bypassing in M. capitatus mitochondrial mRNAs follows a similar mechanism as T4 gene 60 expression. Mitoribosomes will stall at a takeoff codon immediately upstream of an untranslatable codon; then the peptidyl-tRNA complex will dissociate from mRNA and reassociate further downstream at the next available cognate (landing) codon. The byp landing site is rarely identical to the takeoff but typically belongs to the same codon family according to the extended superwobble rules of tRNA recognition (10) . Exceptions are cox1-I3-byp3 and nad2-byp3, where takeoff and landing sites (GCU and GUU, respectively) belong to different codon families ( Fig. 2D and Table S2 ). Mass-spectrometry data for Nad2 show that the corresponding peptide has an alanine at the position of the takeoff codon, followed by a lysine that corresponds to the predicted codon immediately downstream of the landing site ( Fig. 3B and Fig. S1A ). This result strongly suggests that the takeoff GCU is decoded by tRNA Ala (ugc) and translated accordingly as alanine whereas the landing codon (GUU, corresponding to valine) is ignored during translation. We infer that the anticodon of tRNA Ala (ugc) associates well enough with the GUU landing site by forming a G-U (instead of a G-C) pair in the second position of the codon-anticodon interaction.
There are additional differences between byps in M. capitatus mitochondria and the hop element in the T4 gene 60. In T4, the codon immediately downstream of the takeoff site is a stop, and the hairpin has a UUCG tetraloop (tightly packed at the 3D level) rather than a variable A+U-rich region. Further, the T4 element has an SD motif upstream of the landing site whereas byps do not have recognizable sequence conservation in that region [note that most mitochondria lack bacterial SD motifs except jakobid flagellates (11) and that yeast mitochondria use long untranslated leader sequences for gene-specific translation initiation instead (12) ]. Moreover, the T4 element requires for effective bypassing a sequence motif (MKKY) in the nascent peptide at positions −33 to −30 (4). In M. capitatus, however, upstream sequences may be as short as 10 aa (e.g., rps3-byp1) and do not share significant sequence similarity among each other (Fig. S2) , nor do they have numerous positively charged amino acids known to delay translation (13), which may increase translational bypassing. Finally, translational bypassing in M. capitatus must be by far more efficient than in the T4 gene 60 transcript where it occurs successfully only half the time (14) . With suboptimal performance, the multiple byps per gene (e.g., 12 in nad5) would lead to insufficient amounts of functional protein plus presumably intolerable quantities of abortive polypeptides.
Because of the similarities between translational jumping in the T4 gene 60 case and the mitochondrial system, we tested whether Escherichia coli ribosomes are able to bypass M. capitatus byps, including variants carrying T4 gene-60 features (1), such as a stop codon immediately downstream of the takeoff codon, a UUCG tetraloop, an SD motif, and the nascent peptide sequence of the host mitochondrial gene. However, the number of E. coli transformants was extremely low, and the few clones obtained had the byp hairpin partly or fully deleted (Table S9 ). This finding indicates that the expression in E. coli is toxic, presumably due to extensive ribosome stalling. Apparently, bypassing elements have coevolved with their particular translation machinery and are not interchangeable between different systems. Distribution of Byp-Like Elements Suggests Mobility. GC clusters are frequent in intergenic mtDNA regions of a broad range of eukaryotes, predominantly fungi (15) (16) (17) (18) . GC clusters in several Saccharomycetales mtDNAs are reminiscent of byps in that they have flanking ≥3-nt-long repeats and an internal hairpin (Figs. S3-S6). These byp-like elements are mostly inserted in intron ORFs: for example, in the cox3 intron 1 ORF of one out of two analyzed M. magnusii strains (Fig. S3) , the cox1 intron ORF of three out of six examined Lachancea species (Fig. S4) , and in the cob intron 2 ORF of one among three species of the Yarrowia clade (Fig. S5) (19, 20) . The only "regular" mitochondrial gene harboring byp-like elements in Saccharomycetales is rps3, a gene previously designated var1 due to its variable size and poor sequence conservation (Fig. S6) . These byp-like elements in rps3 do not disrupt the reading frame in conceptual translation and have thermodynamically more stable hairpins than M. capitatus byps. Mass spectrometry data from S. cerevisiae show that, in contrast to byps, rps3-ins1 is fully translated (Fig. 2F) .
Byps and byp-like elements are likely mobile, spreading within the same mtDNA and across species boundaries. Intragenome proliferation is exemplified by two identical copies of an insertion element, one in rps3 and the other in an intergenic region of S. cerevisiae isolate FY1679 (Fig. S6 A and B) , and two almost identical copies in the cob intron 2 ORF of Yarrowia (Fig. S5 A  and B) (19) . Horizontal transfer is most convincingly illustrated by the presence of highly similar byp-like elements in Kluyveromyces lactis and Saccharomyces cerevisiae mtDNA (Fig. S6C) .
In phage T4, the hop element, together with a homing endonuclease ORF, constitutes a mobile DNA cassette that is able to invade related bacteriophages. Bonocora et al. (21) show that the hop element protects the ORF against self-cleavage by its own gene product, providing a rationale for horizontal (co)transfer of hop. In contrast, mitochondrial byps and byp-like elements probably transpose by themselves, because they do not carry along additional sequence, and the flanking short direct repeats may have arisen by target-site duplication typical for transposons (Figs. S3A, S4A and S5 A and B) . However, the mobility of byp and byp-like elements may also be enabled or at least facilitated in trans by group I intron-ORF encoded LAGLIDADG_1 endonucleases, which make up the overwhelming majority of intron ORFs in Saccharomycetales.
Although byp-like elements are distributed broadly across Saccharomycetales mtDNAs, translational bypassing seems confined to M. capitatus. Essential mitochondrial protein-coding genes in other yeasts appear to tolerate elements only if they are inserted in highly variable protein regions, do not shift the reading frame, or do not contain stops or unused codons. Therefore, byp-like elements have the potential to contribute to evolutionary diversification of proteins by adding new domains with accelerated sequence change, as, for instance, byp-like elements in rps3 (Fig. S6C ) and intronic ORFs in M. magnusii or Lachancea sp. (Figs. S3A and S4A) .
Discussion
We discovered a plethora of bypassing elements in M. capitatus mitochondria, suggesting that programmed translational jumping is more frequent than previously thought. Given the apparent mobility of byps and byp-like elements, it is conceivable that they also occur in mtDNAs outside fungi and in nuclear genomes. We posit that the mitochondrial translation system is particularly "predestined" for acquiring translational jumping, owing to relaxed codon:tRNA-anticodon recognition. A weaker interaction between the ribosomal P-site and tRNAs aids dissociation of the peptidyl-tRNA from the takeoff codon and its reassociation with a landing site that may even belong to a different codon family. Another presumed requirement is that certain codons are unused in mitochondrial translation so that this codon can be used in new, creative ways. In M. capitatus, untranslated codons are exploited as a translation barrier for bypassing undesired sequences. In other instances, such codons are reassigned to new amino acid identities by a codon capture mechanism [e.g., CUN (leucine) to CUN (threonine) in baker's yeast (22)]. It will be interesting to decipher the particular adaptations of the mitochondrial translation system in M. capitatus that enable such astoundingly effective programmed translational bypassing as reported here. It will also be interesting to unravel the mechanisms involved in horizontal transfer and integration of these "selfish" elements into genomic DNA.
Materials and Methods
Detailed descriptions of materials and methods can be found in SI Materials and Methods.
Yeast Strains and Culture Conditions. Yeast strains (Table S1) were obtained from C. P. Kurtzman and J. Swezey (National Center for Agricultural Utilization Research, Peoria, IL) and R. A. Zvyagilskaya (Bach Institute of Biochemistry, Moscow, Russia). Yeast cells were cultivated at 28°C in synthetic medium containing either glucose, glycerol, ethanol, or lactate as the sole carbon source.
DNA Purification and Sequencing. Mitochondrial DNA from the Magnusiomyces magnusii strain 270 was prepared as described previously (23), used for random library construction, and sequenced by the dideoxy-chain termination method (24) . For the other magnusiomycete strains, total cellular DNA was isolated as described earlier (25) . Mitochondrial DNA was sequenced along with nuclear DNA using the Illumina HiSeq 2000 and paired-end (2 × 100 nt) technology, and assembled with Velvet (version 1.1.06) (26) .
Mitochondrial Genome Annotation. Gene annotation of Magnusiomyces mtDNAs was performed with the automated tool MFannot, developed inhouse. MFannot predicts genes for structural RNAs and proteins and group I and II introns by using the search engines Erpin (27) , Exonerate (28) and HMMER (29) . Translation table 4 was used for conceptual translation. Termini and precise exon-intron boundaries of structural RNA genes were predicted manually using comparative structure modeling.
In Silico Search for Byps. Byp insertions in M. capitatus were initially identified with TFASTA (30) , by comparison with protein sequences from other Magnusiomyces strains without byps. For in silico searches, byp sequences were 
*Groups are defined according to the unused codon. Other, unclassified.
aligned with Muscle version 3.6 (31), and the resulting multiple alignment was manually curated for optimal fit of primary sequence and secondary structure predicted by RNAalifold (32) . Byps were searched for with covariance models (8) , based on the alignment of UCC and CGA byps in mitochondrial protein genes of M. capitatus. Only confidently aligned nucleotides were used for model building by applying the -hand option. Searches were performed with a cutoff E-value of 0.01.
Mapping of rRNA Termini in M. magnusii. The termini of mitochondrial large and small rRNAs of the M. magnusii strain 270 were mapped using an RNA circularization procedure (33) . The regions containing ligated rRNA termini were amplified by RT-PCR, cloned, and sequenced. Sequences of the identified rRNA termini are conserved across the analyzed magnusiomycetes.
Mitochondrial RNA Isolation and Transcript Analysis by RT-PCR. Purified mitochondria were isolated as described earlier (34-36), and their RNA was extracted with the RNeasy Mini kit (Qiagen), treated with DNase I, and used for cDNA synthesis primed with random hexamers. The cDNA was used as a template in PCR reactions using gene-specific primer pairs. Control PCR reactions were performed using the following templates: (i) genomic DNA (positive control), (ii) mitochondrial RNA treated with DNase I, and (iii) cDNA prepared from mitochondrial RNA treated with DNase I and RNase A (negative controls). Amplicons were separated by electrophoresis in a 1% agarose gel, and selected products were sequenced using the dideoxy-chain termination method.
Identification of Mitochondrial Proteins by Mass Spectrometry. Isolated mitochondria were solubilized with digitonin and homogenized, and the remaining membranes were removed by centrifugation. The supernatant was electrophoretically separated on a nondenaturating poly-acrylamide gel (37) , individual bands were cut out and analyzed by liquid chromatography tandem mass spectrometry (LC-MS/MS) (38, 39) , and peptides were annotated by Mascot (40). LacZ Constructs of Byps and Expression in E. coli. For LacZ constructs of byps and expression in E. coli., see SI Materials and Methods.
Phylogeny of Yeast Species Based on mtDNA-Encoded Protein Sequences. Thirteen inferred protein sequences (Cob, Cox1, -2, and -3, Atp6 and -9, and Nad1, -2, -3, -4, -4L, -5, and -6) were aligned with FSA (41) . Columns with posterior probability <0.9 were discarded, and alignments were concatenated. The final dataset includes 44 species and 3,254 positions. Sequences except those for Magnusiomyces species were downloaded from the Organelle Genome Resources at National Center for Biotechnology Information. The phylogenetic tree was constructed with PhyloBayes (42), the CAT/GTR model, six discrete categories, four independent chains, 14,000 cycles (corresponding to ∼770, 000 generations), and the -dc parameter to remove constant sites. The first 10,000 cycles were discarded as burn-in.
